Abstract-The frequency-or immittance-temperature anomalies occurring in quartz-crystal resonators are generically called activity dips. Because of their potentially disastrous effects on oscillator and filter performance, testing for their presence can represent a considerable addition to the manufacturing cost. An electronic method is described, in several variations, that is rapid, simple, and well adapted to microprocessor control. The electronic method obviates tedious and costly temperature runs. It makes use of the fact that the desired mode of vibration is shifted in frequency by a variable series capacitor, while interfering modes, that cause activity dips, are nearly unaffected.
INTRODUCTION
A NOMALIES in the frequency-or admittancetemperature characteristic of a resonator are called "activity dips" or "bandbreaks." At least two distinct species exist: "design-related" dips and "process-related" dips. The latter type arise from shortcomings in the processing phases where, for example, an improperly deposited electrode film peels or blisters in a reversible, temperature-dependent manner; these are not considered further here. "Design-related" activity dips are those for which the structural configuration remains unaffected by temperature changes, but instead depend solely upon geometry and material constants. The presence of "designrelated" activity dips is a persistent problem and necessitates a good deal of costly testing for medium-and high-precision resonator units [1] - [6] . Doubly rotated cuts generally could be expected to have even more problems in this regard than AT-cuts since they exhibit less symmetry and have, therefore, a more complicated mode spectrum when lateral boundaries are taken into account. An exception appears to be the SC/TTC orientation [7] - [10] for which activity dips have yet to be encountered [11] .
The modal interference that takes place may be linear or nonlinear. If the impressed voltage can drive the desired thickness mode and at the same time drive a harmonic of flexural mode, e.g., then the vibrator admittance will reflect this fact as the linear superposition of the separate modal admittances. With temperature changes it is possible for the two resonance frequencies to cross and produce an anomaly. Linear activity dips have been described by Wood and Seed [4] and by Fukuyo et al. [2] .
Nonlinear activity dips are less well understood and perhaps more important. Wood fected by interfering modes at twice its frequency; Franx [3] observed the same type of coupling due to a mode at three times the fundamental. Birch and Weston [6] investigated both cases. Koga [5] found the twenty-first harmonic of contour extension interfering nonlinearly with the thickness shear fundamental. Similar results were obtained by Fukuyo et al. [2] . In all cases the sensitivity of mode coupling to power levels is a characteristic of the nonlinearity. Hafner [1] found that the anomalies encountered at the fifth and seventh harmonics were nonlinear in nature and depended on the electrode film as well as the quartz.
The effect of inserting a capacitor in series with a crystal is to shift all resonance frequencies upward by amounts roughly inversely proportional to the capacitance ratios of the modes. The temperature coefficients of the various modes are similarly altered. As a result of these facts, and because the interfering modes have differing temperature coefficients, it is possible to alter the activity dip temperature by a series load capacitance. By using an adjustable capacitance network, the activity dip spectrum may be electronically swept while the temperature remains constant. In effect, the time-consuming, costly, frequencytemperature oven runs presently used for detecting activity dips are replaced by an all-electronic constanttemperature procedure that is rapid, simple, and well adapted to microprocessor control.
Note added in proof: The authors thank E. Kentley for bringing to their attention the pertinent reference M. Onoe (Electron Commun. Jap., vol. 47, pp. [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] 1964 ).
FREQUENCY-TEMPERATURE SPECTRUM
In Fig. 1 we show a portion of the unwanted mode spectrum of a quartz resonator, as function of temperature, obtained by Fukuyo et al. [2] . This painstaking work shows clearly how various responses may drift into coincidence at particular temperatures due to differing temperature coefficients of frequency. The responses shown are those detected piezoelectrically. It is also possible to drive indirectly nonpiezoelectric modes that would not appear on such a chart and yet whose presences could produce anomalies. This is particularly true of nonlinearly coupled modes.
SERIES LOAD CAPACITANCE
In the vicinity of the main desired mode, a crystal resonator is adequately represented by the Butterworth-Van Dyke equivalent circuit in Fig. 2 of intersection of the modes (cf. Fig. 1 ) will also change. This is the basis upon which the test method rests. Fig. 3 contains "hot plots" made of a 20-MHz resonator. The upper S-shaped curves are plots of frequency versus temperature, and are typical of AT-cuts. The lowest Scurve was measured without CL and labeled fR. It has an anomaly marked by an arrow at about 780C. The corresponding curve of grid current (proportional to the crystal admittance) is marked RR, and also exhibits an anomaly. When a load capacitor CL1 is placed in series with the crystal in the oscillator, the curves fLi and RL1 are produced. Now the activity dip has been displaced downward in temperature to approximately 580C. Substitution of a smaller capacitor CL2 is seen to shift to the activity dip anomaly further downward in temperature to about 44°C. The downward shift in temperature for the anomaly means that the temperature coefficient of the interfering mode is negative. Assuming that the resonator in question had r = 250 would mean that the interfering mode had a temperature coefficient of about -5.6 X 10-6/K.
The Af/f scale provided on Fig. 3 pertains to each of the S-curves individually; the vertical separation between S-curves has been greatly reduced so that they could be compared more easily. The resistance curves have been similarly displaced for clarity; and relative position is unimportant.
In order to see more clearly how the activity dip temperature shifts refer to Fig. 4 ; at the bottom is a frequency-temperature curve of a crystal vibrator at resonance, without CL. On the scale of the drawing the curve is nearly horizontal; so to keep in mind its S-shaped familiar character, its vertical scale has been exaggerated by a factor of ten. Two curves representing unwanted, interfering modes have been drawn to intersect the S-curve at a common point located at 80°C. With a series capacitor attached, the S-curve moves upward by 2000 It is important to note that the interfering mode need not be actually present as shown in Fig. 1 or Fig. 4 . It is only necessary that the harmonic or subharmonic producing the disturbance be represented as shown in Fig. 4 ; the curve would thus be a "virtual response" on the figure. For example, Franx [3] observed nonlinear coupling due to a mode at three times the fundamental. If this interfering mode were to have its temperature behavior mapped, and then to have its frequency divided by a factor of three, it could then be drawn as a "virtual response" on a figure along with the fundamental curve for the purpose of determining how the dip temperature would change with CL. The "virtual" curve would appear like one of the straight lines in Fig. 4 , whereas the actual interfering mode would appear at some harmonic frequency off the scale of the plot.
ACTIVITY DIP SCANNER
Our observations concerning the effects of putting a load capacitor in series with a crystal resonator in an oscillator provide a method for trading off temperature scans, in search of activity dips, against load capacitor scans. That is, adjustment of CL can be used to replace changes in temperature.
A series load capacitor is currently used for: 1) measuring crystal motional capacitance C1; 2) FM, by using a varactor; 3) compensating the frequency-temperature crystal characteristic in temperature compensated crystal oscillators (TCXO's). We propose to use the effect to permit electronic scanning of activity anomalies. A block diagram of an activity dip scanner is shown in Fig. 5 .
The program control and signal processing (PCSP) block is implemented either by a microprocessor or by a programmable calculator and data interface. It controls the sweep generator as well as receives resistance and frequency information for processing. A completely instrumented system would include provisions for acceptance/rejection of the unit for activity dips, evaluation of crystal parameters, output of results, and sequencing and control of input and output flowthrough the scanning apparatus on an assembly-line basis.
The sweep generator supplies the sawtooth voltage to both the X-axis of the scope and the varactor network. The varactor network responds to the voltage changes of the sweep generator and produces the variable CL which is in series with the crystal unit under test.
The oscillator requires care in its design, but details will not be gone into here. One must be sure that the sought-for anomalies originate in the crystal and not the oscillator, so that unwanted frequency components must be strongly discriminated against. Depending on the type of crystal units and the stringency of the testing required, it may be adequate to use a standard CI meter as the oscillator. We need only assume that the oscillator is such that it adjusts its frequency such that the crystal-load capacitor combination operates near or at its zero reactance point at fL. Provisions for maintaining the drive level of the crystal constant as CL is varied should also be considered in any embodiment of Fig. 5 .
The oscillator frequency output is mixed with a reference oscillator operating at the nominal frequency of the crystal under test. The difference frequency is applied to a frequency discriminator whose output is displayed on the Y-axis of the scope.
A system simpler than that of Fig. 5 results from the elimination of the PCSP unit and operation of the sweep generator in a free-running mode.
The following instruments were used in a simple test setup for determining the feasibility of the method. Fig. 6 was used. Fig. 7 shows the capacitance CL measured between points A-B. (varactor network characteristic).
Examples of the type of outputs obtained with the simplified setup are shown in Figs. 8,9 , and 10. These show line drawings taken from actual scope photos. In all cases, the temperatures Ti and power levels Pi follow the relations: T1 < T2 < T3 and P1 < P2 < P3. In Fig. 8 , temperature is held constant and power level is varied. At the low level P1 the activity dip shows up as a sudden change in slope, although the curve remains a single-valued function. With increased drive the dip is manifested by the presence of a hysteresis loop. Arrows indicate the direction of traverse as varactor voltage is swept back and forth.
When power level is held constant and temperature allowed to vary, curves such as those in Fig. 9 result. Here the hysteresis loop position changes, moving down the curve with increasing temperature. This indicates that the interfering mode has a negative temperature coefficient of frequency. One may see this as follows: CL decreases with increasing varactor voltage, and a decrease in CL increases the shift of fL from fR. Therefore, high varactor voltages mean large fL shifts. If the anomaly occurs at large varactor voltage at T1 and again at a lower voltage at a higher temperature T3, then (cf. Fig. 4 ) the coefficient of the undesired interfering mode is negative. Fig. 10 is comprised of a montage of graphs taken from measurement photos. Power is constant along rows; temperature is constant along columns. For the operation of the measurement setup, it is not necessary to operate at power levels sufficient to produce a hysteresis loop. When no activity dip is present, the Af -A V curve will be smoothly monotonic (it is not necessary that it be linear).
With a dip present, the slope of the smooth curve is disturbed and indicates the existence of the anomaly. A simple differentiating network can be used to accentuate the "glitch" and detect the activity anomaly more readily.
Alternatively, the system can be simply arranged to use a voltage proportional to the crystal admittance ("grid current" in Fig. 3) as the Y-axis scope input. In different cases the anomaly will be more prominent in either the frequency or admittance shift, and either may be used in the method.
RANGE EXTENSION
A load capacitance by itself can only shift the oscillator frequency between the limits fR < fL < fA, that is, between resonance and antiresonance of the crystal. If, at the temperature of the test, the unwanted, interfering mode causing the activity dip does not occur between these limits, then the anomaly will go undetected by the test.
Fortunately, there are simple ways of extending the range of the method. Fig. 11 depicts qualitatively the effects on the pole-zero spectra resulting from the placement of inductances in series and in parallel with the crystal. The series inductance ("stretching coil") lowers the first reactance zero of the crystal while keeping the pole at fA unaltered. Adding the varactor then permits the zero to be moved upward as with the crystal alone. In this manner, the frequency range below fR can be scanned.
Placement of the inductance across the crystal does not change the reactance zero placement but shifts the pole at fA to a higher frequency. A series varactor then permits the JR zero to be shifted upward beyond fA.
The series and parallel inductances can be electronically switched in and out of the circuit using p-i-n diodes controlled by the PCSP unit in the automatic measurement mode.
From the point of view of network theory, the pole-zero shifts allowed are large; the limits imposed by the physics of the crystal vibrator are more stringent. Leaving aside all considerations of sensitivity of the system (Fig. 5) on the detectability of activity dips, the major factors are the amplitudes of vibrator displacement and strain, and the magnitude and type of the coupling mechanism to the interfering mode. These are discussed briefly in the appendices.
For a given resonator design, experience will dictate practical ranges for the test system parameters, based on the type of modal interference encountered, design power level of crystal, etc. CONCLUSIONS A simple, rapid, electronic means of detecting the frequency/resistance anomalies known as activity dips has been described, with experimental confirmation. The method appears to be feasible to use in a number of possible ways. 1) As a rapid go-no go 100-percent inspection method for eliminating units having obvious and easily detected activity dips prior to making costly temperature runs.
2) As a more highly instrumented method combined with measurements for determining the crystal Co, C1, R1, L1 parameters.
3) As a hybrid method, combined with oven runs for interpolating between temperatures.
In this last variation, an oven is used, with or without the provisions for moving the pole and zero with inductors, but the oven is programmed to dwell at each of a number of fixed temperatures, say at 10°C intervals. At each fixed temperature, the varactor sweep method is used to search for dips. In this way, very onerous temperature runs in search of dips occurring over extremely small temperature intervals [13] could be eliminated. The CL in effect interpolates between fixed temperatures. APPENDIX A
Estimate of Nonlinearities in AT-Cut Resonators
Many of the most important kinds of activity dips arise from nonlinear processes. In order to get a feeling for the magnitudes that might be involved, we evaluate the ratio of the nonlinear to linear terms in the problem of intermodulation solved by Tiersten [14] , [15] .
From the nonlinear equation use of more than one clock on a single trip with greater ease. The NBS portable rubidium clock travels as hand baggage of one person under the seat in an airliner. In contrast, the cesium clock requires two persons as carriers and an additional seat for itself, plus a powered electrical outlet on the airplane. The rubidium clock features a battery pack which powers it typically for a duration of twenty hours which is sufficient to execute intercontinental trips, including airport transportation, with no need to resort to available electrical power. The stability of the rubidium clock and its sensitivity against environmental effects is almost an order of magnitude inferior to that of cesium clocks. However, in successful round trips, using time closure between departure and arrival at the originating laboratory, very acceptable time comparison precision can be achieved. In fact, the timing comparison precision of this clock can be characterized by At = 2 X 10-12 X T (1) where At is the timing accuracy in a comparison and T is the one-way travel time. Thus timing precisions of the order of 10 ns are realizable with short trips of the order of T = 1 h, and precisions of the order of 100 ns are achievable for intercontinental distances. More frequent portable clock comparisons not only lead to better confidence in the time comparison and more information on the Loran-C link but also to an increased ability to compare frequencies between time generating laboratories even when separated by large distances. In fact, the fractional frequency precision achievable is: U (T) = At/T (2) where T is the time interval between two successive clock trips. Thus with a time accuracy of 100 ns and clock trips spaced three months apart, oy = 10-14 is a very realistic number, and is actually achieved by our series of time comparisons as reported below.
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